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The LHC, the new superconducting particle accelerator presently under construction at CERN, makes
use of some 1200 dipole magnets for orbit bending and 500 quadrupole magnets for
focusing/defocusing of the circulating high-energy proton beams.  Two or three column-type support
posts sustain each cryomagnet. The choice of a convenient material for these supports is critical,
because of the required high positioning accuracy of the magnets in their cryostats and stringent
thermal budget requirements imposed by the LHC cryogenic system.  A glass-fibre/epoxy resin
composite has been chosen for its good combination of high stiffness and low thermal conductivity
over the 2-293 K temperature range. Plies of long glass-fibres are stacked optimally yielding the best
mechanical behaviour. However, heat leaks from the supports are influenced by the thermal
characteristics of the composite, which in turn depend on the orientation of the fibres. To study the
dependence of the thermal conductivity on fibre's orientation, we performed high precision thermal
conductivity measurements of various samples of glass-fibre/epoxy resin composite. The results of the
thermal conductivity measurements are compared with integral measurements on support posts for
LHC cryomagnets and with mixing models.
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T h e L HC, th e new  s uperc onduc ting partic le ac c elerator pres ently  under 
c ons truc tion at CE R N , mak es  us e of  s ome 1 2 00 dipole magnets  f or orb it b ending 
and 5 00 q uadrupole magnets  f or f oc us ing/ def oc us ing of  th e c irc ulating h igh - 
energy  proton b eams . T w o or th ree c olumn-ty pe s upport pos ts  s us tain eac h  
c ry omagnet. T h e c h oic e of  a c onvenient material f or th es e s upports  is  c ritic al, 
b ec aus e of  th e req uired h igh  pos itioning ac c urac y  of  th e magnets  in th eir c ry os tats  
and s tringent th ermal b udget req uirements  impos ed b y  th e L HC c ry ogenic  s y s tem. 
A glas s -f ib re/ epox y  res in c ompos ite h as  b een c h os en f or its  good c omb ination of  
h igh  s tif f nes s  and low  th ermal c onduc tivity  over th e 2 -2 9 3  K temperature range. 
Plies  of  long glas s -f ib res  are s tac k ed optimally  y ielding th e b es t mec h anic al 
b eh aviour. How ever, h eat leak s  f rom th e s upports  are inf luenc ed b y  th e th ermal 
c h arac teris tic s  of  th e c ompos ite, w h ic h  in turn depend on th e orientation of  th e 
f ib res . T o s tudy  th e dependenc e of  th e th ermal c onduc tivity  on f ib re’ s  orientation, 
w e perf ormed h igh  prec is ion th ermal c onduc tivity  meas urements  of  various  
s amples  of  glas s -f ib re/ epox y  res in c ompos ite. T h e res ults  of  th e th ermal 
c onduc tivity  meas urements  are c ompared w ith  integral meas urements  on s upport 




IN T R O DU CT IO N  
 
S upports  are c ruc ial elements  in c ry ogenic  s truc tures :  th ey  mus t guarantee b oth  a s uf f ic ient mec h anic al 
perf ormanc e and low  c onduc tion h eat in-leak s . A th ermo-mec h anic al optimis ation is  nec es s ary  to f ulf il 
th es e tw o c onf lic ting req uirements . Compos ites  are w ell adapted and h enc e w idely  us ed f or s uc h  
applic ations . L HC c ry omagnet s upports , manuf ac tured in low -c os t glas s  f ib re reinf orc ed epox y  ( GF R E ) , 
matc h  th e req uirements  of  a s uf f ic ient mec h anic al s tab ility  during trans port, ins tallation and operation of  
th e c ry omagnets  and allow  at th e s ame time a h eat in-leak  at 2  K as  low  as  4 0 mW  per s upport [ 1 ] . 
E ac h  s upport pos t is  des igned to c arry  h eavy  loads , up to 1 2  tons , 
and to k eep a h igh  pos itioning ac c urac y . T h e lay -up of  th e long glas s -
f ib res  plies  h as  b een optimis ed to f it th es e mec h anic al req uirements . O n 
th e oth er h and, very  little data on th e th ermo-mec h anic al c onduc tivity  of  
s uc h  s truc tural c ompos ites  ex is ts , rendering a c orrec t th ermal 
optimis ation dif f ic ult. A tes t b enc h  f or prec is e meas urement of  k ( T )  f or 
ins ulators  h as  th eref ore b een c ons truc ted and c alib rated. Here w e 
des c rib e th e s et-up and pres ent f irs t res ults  f or pure res in and c ompos ites  
w ith  dif f erent f ib re orientations . S amples  of  th e materials  us ed f or tw o 
ty pes  of  s upport pos ts , s eries  ones  ( s ub s eq uently  ref erenc ed as  A)  and 




T ab le 1  pres ents  th e main c h arac teris tic s  of  th e c ompos ites . 
 
M eas ured data are c ompared w ith  literature [ 2 ,3 ]  and w ith  meas urements  on L HC s upport pos ts . 
F inally , models  of  th e th ermal c onduc tivity  are c ons truc ted to c h ec k  th eir agreement w ith  data. 
 
 
Figure 1  Struc ture o f  A -ty p e 
l a y er a n d  c up o n s  c ut-o ut.  
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S ET-U P  
 
Th er m a l  c o n d u c t i v i t y i s  m ea s u r ed  i n  a  “ 4 -w i r es ”  s c h em e,  w h er e a  
k n o w n  h ea t  f l u x  i s  a ppl i ed  t o  t h e s a m pl e a n d  t h e r es u l t i n g  
t em per a t u r e d i f f er en c e i s  m ea s u r ed  d i r ec t l y i n  t h e s a m pl e’ s  b o d y t o  
a v o i d  er r o r s  d u e t o  c o n t a c t  r es i s t a n c e a t  t h e ex t r em i t i es  ( s ee F i g u r e 
2 ).  Th e t es t -b en c h ,  m i n i a t u r i s ed  t o  h o l d  i n t o  t h e n ec k  o f  a  D ew a r ,  
c o n s i s t s  i n  a  l o n g  t u b e,  en d i n g  w i t h  a  s m a l l  c h a m b er ,  w h i c h  
c o n t a i n s  t h e s a m pl e h o l d er .  Th e s a m pl e h o l d er  h a n g s  f r o m  a  c o pper  
d i s k  i n  c o n t a c t  w i t h  t h e s u r r o u n d i n g  c r yo g en i c  l i q u i d ,  v i a  a n  
a ppr o pr i a t e t h er m a l  i m ped a n c e s epa r a t i n g  t h e t em per a t u r e o f  t h e 
s a m pl e h o l d er ’ s  b a s e f r o m  t h a t  o f  t h e c r yo g en  b a t h .   Th e 
5 0 x 8 x 4 m m  s a m pl e i s  c o o l ed  b y i t s  u pper  ex t r em i t y v i a  t h e s a m pl e-
h o l d er ’ s  b a s e,  w h i l e h ea t  i s  a ppl i ed  a t  i t s  l o w er  ex t r em i t y.  Th e 
ex t r em i t i es  o f  a  t h er m o c o u pl e i n  d i f f er en t i a l  m o d e a r e i n s er t ed  i n t o  
t h e s a m pl e.  A TV O  c a r b o n -g l a s s  t h er m o m et er  m o n i t o r s  t h e b a s e 
t em per a t u r e.  An y t h er m a l  b y-pa s s  o f  t h e s a m pl e l ea d s  t o  a n  
o v er es t i m a t i o n  o f  t h e t h er m a l  c o n d u c t i v i t y;  h en c e,  c o n t a c t  
r es i s t a n c e b et w een  t h e s a m pl e a n d  t h e t h er m o c o u pl e i s  m i n i m i z ed ,  
a s  a r e c o n d u c t i v e l o s s es  a c r o s s  t h e w i r es .  W i r e’ s  n u m b er ,  l en g t h  a n d  
m a t er i a l  a r e c a r ef u l l y d i m en s i o n ed ,  w i r es  a r e h ea t -s i n k ed  a t  t h e 
b a s e.  I n  pr i n c i pl e,  w i t h  a n  a ppr o pr i a t e c h o i c e o f  t h er m a l  i m ped a n c e 
t o  t h e h ea t  s i n k ,  t h e t es t -b en c h  c a n  o per a t e a t  a n y t em per a t u r e 
b et w een  5 K  a n d  3 0 0 K ,  b u t  a s  t h e t em per a t u r e i s  i n c r ea s ed ,  r a d i a t i v e 
l o s s es  t o  t h e v a c u u m  v es s el  s t a r t  t o  b y-pa s s  t h e s a m pl e,  a n d  a  
r a d i a t i o n  s c r een ,  c o o l ed  b y t h e b a s e,  b ec o m es   m a n d a t o r y.  I n  s pi t e 
o f  a l l  t h es e pr ec a u t i o n s ,  v er y l o w  t em per a t u r e d i f f er en c es  h a v e t o  
b e m a i n t a i n ed  a c r o s s  t h e s a m pl e.   
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F i g u r e  2   S c h e m a  o f  t h e  t e s t -b e n c h  
C a l i b r a t i o n  w i t h  a  c er t i f i ed  g r a ph i t e s a m pl e f r o m  N I S T [ 4 ]  h a s  per m i t t ed  t o  es t i m a t e t h e er r o r  o n  
k ( T) a s  l i m i t ed  t o  + 5 % .  
 
 
M EAS U R EM EN T R ES U L TS  
 
S a m pl es  o f  A-t ype h a v e b een  c u t  i n  d i f f er en t  o r i en t a t i o n s  o f  t h e c o m po s i t e.  P u r e r es i n  s a m pl es  a r e a l s o  
i n c l u d ed  i n  t h e t es t  pr o g r a m .  S a m pl es  o f  B-t ype a r e o n l y c u t  a t  a  0 o o r i en t a t i o n .  F i g u r e 3  s h o w s  t h e 
m ea s u r ed  t h er m a l  c o n d u c t i v i t y v a l u es .  
As  ex pec t ed ,  pu r e r es i n  d i s pl a ys   t h e  l o w es t  c o n d u c t i v i t y.  W i t h i n   t h e  A-t ype  s a m pl es ,   t h e  h i g h es t   
c o n d u c t i v i t y  i s   o b t a i n ed  f o r  t h e h i g h es t  f i b r e’ s  c o n t en t  i n  t h e l o n g i t u d i n a l  d i r ec t i o n .  S a m pl e B h a s  a  3 0 %  
l a r g er  c o n d u c t i v i t y t h a n  s a m pl e A.  Th e t h er m a l  c o n d u c t i v i t y i s  a ppr o x i m a t el y pr o po r t i o n a l  t o  t h e 
l o n g i t u d i n a l  f i b r e’ s  c o n t en t s .  L i t er a t u r e o n  c o n d u c t i v i t y o f  c o m po s i t e a s  a  f u n c t i o n  o f  f i b r e c o n t en t  a n d  
o r i en t a t i o n  i s  s pa r e ( [ 5 , 6 ]  a n d  r ef er en c es  t h er ei n ).  O n  f i g u r e 2 ,  w e c o m pa r e o u r  r es u l t s  w i t h  pu b l i s h ed  d a t a  
o b t a i n ed  f o r  a  s i m i l a r  f i b r e’ s  c o n t en t .  A q u a l i t a t i v e a g r eem en t  i s  o b t a i n ed .  D a t a  a r e a l s o  i n  a g r eem en t  
( w i t h i n  1 0 % ) w i t h  c o n d u c t i v i t y m ea s u r em en t s  per f o r m ed  o n  t w o  c o m pl et e s u ppo r t  po s t s  m a n u f a c t u r ed  i n  
c o m po s i t es  A a n d  B,  pr ev i o u s l y m ea s u r ed  o n  a  d ed i c a t ed  t es t -b en c h  [ 1 ] .  
Ta b l e 1  :  M a i n  pr o per t i es  o f  A a n d  B t ype c o m po s i t es .  
  
 
M O D E L L I N G  
 
S o m e  r e f e r e n c e s  o n  u n i d i r e c t i o n a l  c o m p o s i t e s  ( f i b r e s  e m b e d d e d  i n t o  t h e  r e s i n  a l o n g  a  s i n g l e  d i r e c t i o n )  
p r e s e n t  m e a s u r e m e n t s  a n d  m o d e l s  f o r  t h e  t h e r m a l  c o n d u c t i v i t y .  H o w e v e r ,  c r y o g e n i c  s u p p o r t s  s h o u l d  b e  
m e c h a n i c a l  p a r t s  r e s i s t i n g  t o  c o m p l e x  l o a d  s e t s .  T h e r e f o r e ,  t h e  o p t i m i s e d  c o m p o s i t e  s h o u l d  b e  
m u l t i d i r e c t i o n a l ,  m a n u f a c t u r e d  f r o m  l a y e r s  o f  v a r i o u s  o r i e n t a t i o n s .  I n  c o n s e q u e n c e ,  k n o w i n g  t h e  o v e r a l l  
c o n d u c t i v i t y  o f  m u l t i d i r e c t i o n a l  c o m p o s i t e s  i s  o f  p r i m e  i m p o r t a n c e .  I n  o r d e r  t o  m o d e l  i t ,  w e  m a y  h a v e  t o  
c o n s i d e r  c o u p l i n g  b e t w e e n  t h e  l a y e r s  a n d  b e t w e e n  t h e  d i f f e r e n t l y  o r i e n t e d  f i b e r s  o f  e a c h  l a y e r .  
 
U n i d i r e c t i o n a l  c o m p o s i t e s .  
L e t  //λ  a n d  ⊥λ  b e  t h e  c o n d u c t i v i t i e s  o f  t h e  m a t e r i a l  i n  t h e  f i b r e ’ s  d i r e c t i o n  a n d  p e r p e n d i c u l a r l y  t o  i t ,  w h i l e  
mλ  a n d  fλ  a r e  r e s i n ’ s  a n d  f i b r e ’ s  c o n d u c t i v i t i e s .  G l a s s  f i b r e  a n d  r e s i n  a r e  t r e a t e d  a s  i s o t r o p i c  m a t e r i a l s .  
fV  d e n o t e s  t h e  v o l u m e  f r a c t i o n  o f  f i b r e s . T h e  l o n g i t u d i n a l  c o n d u c t i v i t y  i s  g i v e n  b y  a  c l a s s i c a l  m i x i n g  l a w :   
 ( )fmff VV −+= 1..// λλλ                    ( 1 )  
 
F o r  t h e  c o m p u t a t i o n  o f  t h e  t r a n s v e r s e  c o n d u c t i v i t y ,  s e v e r a l  m o d i f i e d  m i x i n g  l a w s  a r e  a v a i l a b l e .  W e  
c o n s i d e r  t h r e e  o f  t h e m :  R a y l e i g h ’ s  [ 7 ],  P i l l i n g ’ s  [ 8 ] a n d  C l a y t o n ’ s  [ 9 ] l a w s .  I n  p a r t i c u l a r ,  t h e  f i r s t  o n e  i s  
t h e  a n a l y t i c a l  s o l u t i o n  f o r  t h e  t r a n v e r s e  c o n d u c t i v i t y  o f  a  s q u a r e  a r r a y  o f  c y l i n d e r s ,  w h i l e  t h e  s e c o n d  i s  a n  
i m p r o v e m e n t  o f  t h e  c l a s s i c a l  m i x i n g  l a w .  T h e  t h r e e  m o d e l s  y i e l d  a p p r o x i m a t i v e l y  t h e  s a m e  r e s u l t s .  
S o m e  a u t h o r s  [ 5 ] r e p o r t  a  g o o d  a g r e e m e n t  b e t w e e n  m e a s u r e m e n t s  a n d  s u c h  m o d e l s  f o r  u n i d i r e c t i o n a l  
c o m p o s i t e s .  H o w e v e r ,  d i s c r e p a n c i e s  a p p e a r  a t  l o w  t e m p e r a t u r e s ,  w h e r e  p h o n o n  t r a n s m i s s i o n  i m p e d a n c e  
( K a p i t z a  e f f e c t )  b e t w e e n  f i b e r s  a n d  r e s i n s  b e c o m e s  n o n -n e g l i g i b l e  ( s e e  [ 1 0 , 1 1 ]) .  
 
M u l t i d i r e c t i o n a l  c o m p o s i t e s .  
O n e  c a n  f i n d  i n  t h e  l i t e r a t u r e  v a r i o u s  a n a l y t i c a l  e x a c t  s o l u t i o n s  f o r  g e o m e t r i e s  o f  l i m i t e d  c o m p l e x i t y  ( s e e  
[ 1 2 ])  w h i c h  p r o v i d e  w e l l  t u n a b l e  m o d e l s  c o n t a i n i n g  c o u p l i n g  e f f e c t s  b e t w e e n  f i b e r  l a y e r s ,  w h i l e  f i n i t e  
e l e m e n t  m o d e l s  ( F E M )  c a n  a c c u r a t e l y  a c c o u n t  f o r  c o m p l e x  g e o m e t r i e s ,  w i t h  t h e  d i s a d v a n t a g e  o f  n e e d i n g  
o n e  m e s h  f o r  e a c h  c o n f i g u r a t i o n .  W e  a v o i d e d  h e a v y  F E M  m o d e l s  a n d  c h o s e  t o  c o n s t r u c t  a n  a n a l y t i c a l  
m o d e l  f o r  A -t y p e  c o m p o s i t e .  W e  t u r n e d  t o  a  f i r s t  a p p r o a c h  w i t h o u t  c o u p l i n g  b e t w e e n  l a y e r s .  T h e  f o u r  
i n t e r l e a v e d  l a y e r s  a r e  c o n s i d e r e d  a s  t h e r m a l l y  i n d e p e n d e n t ,  a n d  e a c h  o f  t h e m  i s  s e e n  a s  a  s t a c k  o f  t h r e e  
u n i d i r e c t i o n a l  l a y e r s ,  w h i c h  a r e  n o t  t h e r m a l l y  i n t e r a c t i n g .  T h e  o v e r a l l  c o n d u c t i v i t y  i s  t h e  o n e  o f  t h e  
c o n s t i t u t i v e  l a y e r s  i n  a  p a r a l l e l  h e a t -t r a n s f e r  m o d e .  T h e  c o n d u c t i v i t y  t e n s o r  o f  a  l a y e r  i s  d i a g o n a l  i n  i t s  
p r i n c i p a l  f r a m e  ( i n -p l a n e  t e n s o r ,  w i t h  i t s  f i r s t  a x i s  a l o n g  t h e  f i b e r s ’  d i r e c t i o n ) .  I n  a  d i f f e r e n t  f r a m e ,  r o t a t e d  
b y  a n  a n g l e  θ ,  i t  b e c o m e s :  
F i g u r e  3   C o m p a r i s o n  b e t w e e n  o u r  m e a s u r e m e n t s  a n d  l i t e r a t u r e .  
θθθ λλ PP ..1−=                      ( 2 )  
 
w h e r e  P  i s  t h e  r o t a t i o n  m a t r i x .  H e n c e ,  t h e  c o n d u c t i v i t y  o f  a  0 o l a y e r  i s  //000 .. λλ =°°° ee rr  ,  w h i l e  t h e  o n e  o f  a  
l a y e r  r o t a t e d  b y  a n  a n g l e  o f  4 5 o i s  e q u a l  t o   ( )⊥°°° += λλλ //210450 .. ee rr .  T h e  o v e r a l l  c o n d u c t i v i t y  i s  t h e n :  
 
( )( )⊥° +−+= λλαλαλ //21//0 .1.eff                 ( 3 a )  
 
w h e r e  α  d e n o t e s  t h e  r a t i o  b e t w e e n  l o n g i t u d i n a l  a n d  n o n -l o n g i t u d i n a l  f i b r e s  i n  a  s i n g l e  l a y e r .  T h e  
l o n g i t u d i n a l  c o n d u c t i v i t y  i s  c o m p u t e d  a p p l y i n g  t h e  l i n e a r  m i x i n g  r u l e  e q . 1 ,  t h e  t r a n s v e r s e  i s  c a l c u l a t e d  
w i t h  a n y  o f  t h e  t h r e e  m o d e l s  p r e s e n t e d  a b o v e .  
M e a s u r e m e n t s  h a v e  b e e n  p e r f o r m e d  f o r  s a m p l e s  c u t  i n  t h e  0 o a s  w e l l  a s  t h e  4 5 o a n d  9 0 o d i r e c t i o n s  
( s e e  F i g u r e  1 ) .  I n  t h e  t w o  o t h e r  c a s e s ,  w e  c a n  e s t i m a t e  t h e  e f f e c t i v e  c o n d u c t i v i t y  i n  t h e  s a m e  w a y ,  
n a m e l y :  
 
 ( )( )⊥⊥° +−+= λλαλαλ //2190 .1.eff   ( 3 b )        a n d  ( )⊥° += λλλ //2145eff          ( 3 c )  
 
T h e n ,  t h e  o n l y  v a r i a b l e  w h i c h  i s  n o t  k n o w n  i n  t h i s  m o d e l  i s  λf ,  t h e  t h e r m a l  c o n d u c t i v i t y  o f  E -g l a s s  
f i b r e s .  W e  u s e d  t h i s  m o d e l  t o  c o m p u t e  i t  a n d  c o m p a r e  t h e  r e s u l t i n g  v a l u e  w i t h  [ 2 ] .  W e  o b t a i n  i n  t h i s  w a y  
a  d i f f e r e n t  v a l u e  o f  λf f o r  e a c h  o r i e n t a t i o n  o f  t h e  c o m p o s i t e .  T h e  t h r e e  v a l u e s  a r e  i n  t h e  c o r r e c t  r a n g e ,  a s  
s e e n  o n  F i g u r e  3 ,  b u t  a  s y s t e m a t i c  t r e n d ,  i . e .  h i g h e r  ‘ r e c o n s t r u c t e d ’  f i b r e  c o n d u c t i v i t y  f o r  o r i e n t a t i o n s  
c l o s e  t o  0 o ,  m o r e  s t r i k i n g  a t  l o w  t e m p e r a t u r e s ,  r e m i n d s  u s  t h a t  o u r  m o d e l  i s  n o t  o n l y  n e g l e c t i n g  t h e  
K a p i t z a  e f f e c t  m e n t i o n e d  a b o v e ,  b u t  a l s o  t h e  c o u p l i n g  b e t w e e n  l a y e r s .  
 
 
C O N C L U S I O N S  
 
P r e c i s e  t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s  a r e  n e e d e d  f o r  t h e r m o -m e c h a n i c a l  o p t i m i s a t i o n  o f  c r y o g e n i c  
s u p p o r t s ,  s i n c e  t h e y  p e r m i t  t u n i n g  o f  p r e d i c t i v e  m o d e l s .  W e  h a v e  s h o w n  t h a t  w e  a r e  a b l e  t o  p e r f o r m  
m e a s u r e m e n t s  o n  a  l a r g e  t e m p e r a t u r e  r a n g e  a n d  t h a t  a n i s o t r o p i c  b e h a v i o u r  o f  r e i n f o r c e d  c o m p o s i t e s  c a n  
b e  a c c u r a t e l y  d e t e c t e d .  T o  a l l o w  a  b e s t  f i t  o f  d a t a ,  t h e  i n t e r a c t i o n  b e t w e e n  f i b r e s  a n d  r e s i n  i n  t h e  
t r a n s v e r s e  d i r e c t i o n  h a s  t o  b e  c a l c u l a t e d ,  e s p e c i a l l y  b e l o w  1 0 K .  F u r t h e r  w o r k  i s  n e c e s s a r y  t o  o b t a i n  a  
l a r g e r  s e t  o f  d a t a ,  a n d  t h e n  t o  b e  a b l e  t o  q u a l i f y  o r  c o n s t r u c t  a  c o n v e n i e n t  m o d e l  t o  p r e d i c t  t h e  
c o n d u c t i v i t y  o f  a  r e i n f o r c e d  c o m p o s i t e  k n o w i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  c o n s t i t u t i v e  m a t e r i a l s .  
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